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INFLUENCE OF ATRFOIL TRATLING-EDGE ANGLE AND TRATLING-
EDCE-THICKNESS VARIATION ON THE EFFEQTIVENESS. <o,
OF A PLATN FLAP AT HIGH SUBSONIC b

MACH NUMBERS 2. %

By Albert D. Hemenover snd Donsld J. GréQam
e
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SUMMARY

The effects of varistion of trailing-edge angle and trailing-edge
thickness on the 1ift characteristics of a 10-percent-chord thick
symmetrical NACA airfoil section with a 25-percernt-chord plain f£flap are
appralsed from wind-tunnel tests at Mach numbers from 0.3 to 0.9 and
Reynolds numbers varying correspondingly from 1 to 2 million. The air-
Poll trailing-edge angle wes varied from approximately 18° to 6° , and the
trailing-edge thickness from zero to the thickness at the flap hinge line.

Reduction of the tralling-edge angle decreases, at moderate angles
of attack, the loss of flap effectiveness for small deflections ordinarily
noted at high subsonic Mach numbers for airfoills of conventional profile.
At zero angle of attack, reductlon of the tralling-edge angle has no
effect on the varistion of flgp effectiveness with Mach number but has
the favorable result of decreasing the range of flsp deflections for
whilch the effectiveness 1s zero or negative.

An increase of the alrfoill traliling-edge thickness results in an
increase of flap effectiveness at virtually all Mach numbers. The
results indicate further that, at zero angle of attack, an increase of
trailing-edge thickness promotes, In general, an increase of 1lift effec-
tiveness from the low-speed value in the range of Mach numbers for which
the effectiveness of a sharp trailling-edge flap decreases sharply.

For the particular thickened trailing-edge flaps investigated, however,
the variation of effectiveness with Mach number would appesar to be
undesirably large.

INTRODUCTION

The influence of two elements of airfoil geometry,'trailing—edge _
and traeiling-edge thickness, on the 1ift characteristics of sirfoil
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sections and the effectiveness of tralling-edge control surfaces at
transonic Mach numbers has recently become the subject of considerable
Interest. In the Investigatlon of reference 1, the aerodynamic
characteristics of an alrfoill section 10-percent chord thick at Mach
numbers from 0.3 to 0.9 were determined for trailing-edge angles of 6

12°, and 18°. The first part of the presént investigation extends this
study to an agppraisal of the effects of this traillng—edge—angle variastion
on the characteristics of the same zirfoil section with a 25—percent-dhord

plain flap.

The second part of the investigation was prompted by reports from
free-flight investlgations of generally improved effectiveness at tran-
sonic Mach numbers of ailerons with thickened tralling edges as compared
to that of sharp trailing-edge surfaces. To examine the effects of
tralling-edge thickness on the varlation of flap effectiveness with Mach
number, the characterlstics of the airfoil section of the tralling-edge-
angle study were determined with 25-percent-chord plain straight-sided
flaps having trailing-edge thicknesses equal to, and one-half of, the
thickness at the flap hinge line.

NOTATION
c chord of sirfoil
cdq section drag coefficlent
cy section 1lift coefficient

cmc/L section pitching-momen? coefficient about the quarter-chord point

h alrfoll trgiling-edge thickness

M Mach number

R Reynolds number

T.E. trailing edge

t airfoil -section thickness at 0.75c

section argle of attack, degrees
flap deflection, degrees

%o

B¢

dcl section flap-effectliveness parameter, rate of change of

a8 section 1ift coefficient wlth flap deflection at constant ag
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ATRFOIL DESCRIPTION

The basic airfolil~thickness distribution for the investigation was
that of the modified NACA four-digit series (see reference 2) with
meximum thickness at the hO-percent-chord station. This thickness
distribution permits the profile aft of the maximm-thickness location
to be changed sufficiently to provide the desired varilation in trailing-
edge angle without changling essentially the forward portion of the
airfoil section. The profiles investigated are 1llustrated in figure 1
and are deslgnated es follows:

Tralling-
Profile Edge Angle
NACA 0010-0.70 40/1.575 17.9°
NACA 0010-0.70 k0/1.051 120
NACA 0010-0.70 L40/0.524 6°
NACA 0010-0.70 40/1.575 (Mod. A) 0°
NACA 0010-0.70 %0/1.575 (Mod. B) 7.5°

The first four digits have the same significance as the airfoil deslgna-
tion given in reference 2 and specify the camber and maximum thickness
of the profile. The decimal number Ffollowing the dash ls the leeding-
edge-radius index; the leading-edge radius as a fraction of the airfoll
chord is given by the product of the radius index and the sguare of the
thickness-chord ratlo. The two diglts immedistely preceding the slant
represent the locdation of maximum thickness in percent of the chord from
the leading edge. The last decimal nuwmber is the trailing-edge-angle
index, the angle being twice the arc tangent of the product of the

angle index and the thickness-chord ratio.

For the tralling—edge-thickness study, the profiles conslsted of
NACA 0010-0.70 40/1.575 airfoils modified aft of the T5—percent—<chord
point. Modificatlion A consisted of the substlitution of a parallel-sglded
gsection of thickness equal to that at the T5-percent—chord station for
the normal contour aft of this polnt. Modification B was formed by
substituting for the pormsl profile a stralght—sided section with
trailing—-edge thickness equal to one—half that at the T75-percent—chord
statlion. C

The coordinates for the airfoills of the investlgation are listed in
tables I to V.
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APPARATUS AND TESTS

The tests were made in the Ames 1- by 3-1/2-foot high-speed wind
tunnel, a two-dimensional-fiow wind tunnel of relatively low turbulence
level.

Five 6-~inch-chord airfoll models were constructed of aluminum
elloy for the tests. The models completely spanned the short dimension
of the wind-tunmnel test section. End leakage at the model was prevented
by the use of contoured sponge-rubber gaskets compressed between the
ends of ithe models and the tunnel walls. TFlap deflection was simulated
by progressively bending the aft 25 percent of the profile through a
total angular range of as much as 16°. For each of the profiles, the
thickness at the TS5-percent-chord position (representative of the hinge
line of an actual 25-percent-chord plain flap) was relileved to facllitate
the bending. Surface contlnuity was preserved by fllling the resultant
gap with glazing putty.

Measurements of 1ift, drag, and pitching moment were made at Mach
nurbers from 0.3 to as high as 0.9 for the various models at angles of
attack ranging in general from -2° to 12°. Flap deflection was varied by
small inerements from approximstely -1° to approximately 6° for the
greatest part of the investigation. In the case of the NACA 0010-0.70
L0/1.575 section, the deflections were extended in the positive direction
to gpproximstely 14°. It was not possible, by the means employed, to
obtain uniform increments of flsp deflection. Sufficient dsta were
obtained, however, to permit, with reasonable accuracy, the determinastion
of the effectiveness of the various flaps for small deflections.

Lift and pitching moments were measured by a method simllar to that
described in reference 3 from integrations of the pressure resctions on
the tunnel walls of the forces on the sirfolls. Drag was determined
from wake-survey messurements made with a rake of total head tubes.

The variation of Reynolds number with Mech number for the tests
is illustrated in figure 2.

RESULTS AND DISCUSSION

Section 1lift and piltching-moment coefflcients at constant angles
of attack are presented as functions of Mach number for the various
profiles and flap deflections 1in figures 3 to 12. Drag coefficients
for the sharp tralling-edge airfoll sections are similarly presented in
Tlgures 13 to 15. The drag characteristics of the thickened tralling-edge
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airfoile are not included 1n the report. Schlleren observations dis—
closed the existence of strongly developed Karman vortex streets in the
wekes of these sectlions, and wake total pressure measurements made under
such condlitions have been found to yleld erronecus drag results. Section
1ift coefficlents as functions of angle of attack for constant Mach
mimbers and flap deflections are shown in Flgures 16 to 20 for the
various airfoll sections.

All the characterlistlics have been corrected for tunnel-wall lnter—
ference by the methods of reference 4. Dashed lines have been used in
figures 3 through 20 to indlicate the region of posslble influence of
wind~tunnel choking on the results.

The pitching-moment and drag characteristlce will not be anslyzed
inasmich ag the obJect of the present investigation is to determine the
1ift effectiveness of a plaln flap as affected by variatlons of the

tralling—edge geometry.

The variations of section 1ift coefficient with flap deflection
at constant angles of sttack for various Mach numbers are illustrated
in figures 21 to 23, respectively, for the profiles having tralling-edge
angles of 17.9°, 125, and 6°, and in figures 24 and 25, respectively,
for the sections with tralling-edge thickness equal to, and one-half of,
the thickness at the flap hinge line. The slopes dcz/daf of these
curves at zero flap deflectlon provide g measure of flap effectiveness
and are presented in figure 26 as functions of Mach number for angles

of attack of 0°, 4°, ana 6°.

Focusing attention first upon the airfolls with sharp trailing-edge
flsps, it is noted from figure 26 that the effects of trailing-edge—
angle variation are confined to Mach numbers above 0.75. At zero angle
of attack, an gbrupt loss of effectiveness beginning at a Mach number in
the vieclnity of 0.8 is evident for all three trailing-edge angles. The
interesting feature of the results in this case is the very small benefit
derivedsgrom reduction of the trailing-edge angle even to a value as
low as .

From schlieren photographs (fig. 27) of the flow fields sbout the
models at gpproximately 0.88 Mach number and zero angle of attack and
flap deflection, it is noted that the flaps lay entirely within the
region of separated flow aft of the compression shocks on the airfoil,
and therefore could develop virtually no l1ifting pressures. A similar
observation was made by Gothert in reference 5 from pressure-distribution
measurements for & 9-percent-thick airfoll section. It would be antici-
pated from a study of the flow fields that at higher anglies of attack
or larger flap deflections the flaps would agaeln become effective.
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Furthermore, it would be expected that, by virtue of less extensive flow
separation, the flap with the smallest tralling-edge angle would display
the greatest Improvement. The results to follow confirm these expectations.

Tn parts (b) and (c) of figure 26 a successive improvement of the
variation of flap effectiveness with Mach number with reduction of the
tralling-edge angle is indicated at angles of attack of 4° gnd 6°.

Even at 6° angle of attack, however, the 17.9° trailing-edge-angle flap
lost effectlveness for small deflections at the highest Mach numbers.

Another important aspect of the problem of control-surface effective-
ness is the extent of the range of deflectlions for which the surface 1s
ineffective. PFigure 28 has been prepared to 1llustrate the effect of
airfoll profile on this characteristic. Section 1lift coefficients as
functions of flap deflectlon at zero angle of attack are shown for
each profile at the highest Mach numbers of the investigation. Again
confinling the discussion first to the sharp trailing-edge flaps, it 1s
noted that the 17.9° trailing-edge-angle flap at 0.875 Mach number is
relatively ineffective for deflections from o° to approximately 4°.

The extent of this ineffective range is seen to become successlvely
smaller with reduction of the trailing-edge angle and is not evident
for the 6° trailing-edge angle. At 0.9 Mach number a favorable effect
of trailing-edge-angle reduction is also evident. For both the 17.9°
and the 12° tralling-edge angles a reversal of effectiveness occurs,
extending to h-1/2° deflectlon for the former and to gpproximately

3 for the latter. The 6° trailing-edge-angle flap is ilneffective up to
3° deflection but experiences no reversal of effectiveness at this Mach
number.

From these results 1t 1s evident that for conventlonal airfoil
gections some improvement in flap—effectivensess characteristics at
high subsonlic Mach numbers may ordinarily be expected from reduction of
the tralling-edge angle. At angles of atback near zero, the smaller the
trailing—edge angle the smaller will be the range of flap deflections for
zero or negative effectiveness, At higher angles of attack, the smaller
the trailing-edge angle the less adverse will be the effects of Mach
number on the flap effectiveness.

If now the case of trailing-edge-thickness variation 1s considered,
it is observed in figure 26 that the thickened trailing-edge flaps are
markedly more effective than the sharp tralling-edge flaps at all but
the highest Mach numbers. The greater effectiveness is ascribed to the
fact that without the trailing-edge closure the loading on the flap does
not fall to zero at the trailling edge as in the conventional case. The
hinge moments of these flaps could be expected to be correspondingly
larger than for the sharp trailing-edge flaps.
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At zero angle of attack, in the Mach number range where the effec-
tiveness of the sharp trailing-edge flaps commenced to decrease, the
ePfectiveness of the thickened trailing-edge flaps increased very
sharply. Schlieren photographs (fig. 27) of the flow at 0.88 Mach
number disclose very much smaller reglons of separated £low over the
blunt tralling-edge flaps than over the sharp trailing-edge flsps.

(The asymmetry of the shock-wave pattern for the model with the thicker
traliing edge is probably due to a small asymmetry in the airfoil model
which is also evident in the 1ift curves of fig. 6 (c)). Between the
Mach mmbers of 0.88 and 0.9, the value of dey/dds for the flsp with
trailing-edge thickness equal to one-half the thickmess at the hinge
line dropped to virtually zero, whereas that for the flap with double
this trailing-edge thickness gpparently continued to increase. A
virtually infinite slope of the curve of 1ift coefficlent as & function
of flap deflection at zero deflection is indicated in Pigure 28 at 0.9
Mach number for the latter flap. In either case the variation of effec-
tiveness with Mach number is undesirsbly large and, from the standpoint
of airplane controllghility, possibly even more unfavorable than that
for the sharp trsiling-edge proflles.

With increasing angle of attack (cf. parts (2), (b), and (c) of
fig. 26), the variation with Mach number of the effectiveness of the
blunt treiling-edge flaps becomes much less severe, but 1s still con-
siderably greater than for the sharp tralling-edge flaps with small
trailing-edge angles.

CONCLUDING REMARKS

From a wind-timnel investigation at Mach numbers from 0.3 to 0.9
(L to 2 million Reynolds nunber) of the effects of trailing-edge-angle
variation from 18° to 60, and tralling-edge-thickness vearigtion from
zero to that at the flap hinge line, on the 1ift effectiveness of a
25-percent-chord plain flap on a 10-percent-thick airfoll section, the
Pollowing specific conclusions are drawn:

1. Reduction of the trailing-edge angle decreases, at moderate
angles of attack, the loss of flap effectiveness for small deflections
at high subsonic Mach mumbers.

2. At zero angle of attack, reduction of the trailing -edge angle
has no effect on the variatlon of flap effectliveness with Mach number
but has the Pavorsble result of decreasing the range of flap deflections
for which the effectiveness is zero or negatilve.

3. A general increase of flap effectiveness is promoted by an
incresse of trailing-edge thickness. The increase is ascribed to the
Pfact that the loading on the thickened trailing-edge profiies does not
fall to zmerc gt the trailing edge as is the case for sharp tralling-edge
profiles.
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L. At zero angle of attack, an increase of trailing-edge thickness
results, In general, In an increase of 1lift effectiveness from the
low-speed value in the range of Mach numbers for which the effectiveness
of a sharp trailing-edge flsp usually decreases. For the particular
thickened trailing-edge profiles Investigated, however, the over-sll
variation of effectiveness wlth Mach number is so large as to be dis-
tinetly unfavorable from the standpoint of airplane controllability.

It would appesr from the results of thls investigatlion that the
varlstion with Mach number of the effectiveness of a plain flap cannot
be satisfactorily controlled by varilation of such parameters as the
trailing-edge angle and the trailing-edge thickness independently. In
order to maintain a satisfactory degree of flap effectiveness throughout
the subsonic Mach number range by variation of airfoil geometry, the
glrfoil shape should be such as to prevent flow separation from the
surface appreclably shead of the trailing edge. This can readily be
accomplished by placing the airfoll meximum thickness at the trailing
edge, but the attendant penalty in drag would be large. To approach
the desired obJjective for an alrfoil on which some pressure recovery is
to be made ashead of the trailing edge, present indlcations are that
the proflle should embody some trailing-edge thickness in conjunction
with a relstively small trailing-edge angle.

It should be borne in mind that for Reynolds numbers substantially
larger than those of the present investigation the foregoing conclusions
might be considersbly modified. '

Ames Aeronautical Laboratory,
National Advisory Commlttee for Aeromnautics,
Moffett Field, Calif.
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TABLE L TABLE XI
COORDLEATES OF THE NACA 0A10-0.T0 M0/1.5T5 AIRFOLL SECTION COORDINATES CFf THE MACA 0010-0.70 40/1.051 ATRYOXL SECTION
{Cocrdimtes given in percent of airfoll cherd] It given in pe of afrrail chord]
Upper oxr lower Upper or lower
Btatiom surface ordinate Btaticn surface ordinate
[ K [ U
3 820 5 Boe
15 999 .23 1339
1.2% 1.279 2.5 L7005
2.3 1.7682 3.0 2.326
3.0 2.%0 1.5 2.7T6
TS 2,949 pisd 3.1k
10 3.3%8 1% «TRL
13 3.926 -] 172
20 h.z:g 25 <52k
25 X E ».783
Eg k.8x8 5.000
9.000 kel ».78)
%0 &.8% &0 k97
60 h.k33 70 3.10
To 3.733 8o 2.305
do 2.767 b 1.193
90 1.5% 95 48
95 B 100 <100
00 «100
L.E. rediuas Q.70 percent ¢ L.E. redius: 0.T0 percent c
TAHZ ITI TABLE IY
COORDINATES OF THE NACA 0010-0.70 k0/0.32% ATRFOIL SECTION COORDINATES OF THE NACA 0OLD-0.70 hO/L.5T3
[Coardinates given in percent af airfofl chard] {HODIFICATION A} AYRPOIL ERCTION
[Coordinates given in percent of sirfoil chord]
Tpper or lover Upper or lower
Station surface ordinate . Station surface ardipate
[} 0 -3 ]
.50 -T86 3 -8en
1.2 1.158 . 599
2.3 1.626 1.25 1.279
2.0 2,191 2.5 l.g
TS 2.602 3.0 2.
10 2.943 7.5 2.94%9
13 3.513 10 3.318
20 3.995 13 EM
25 k0L 20 .37
ﬁ 1T 25 k.6h8
5.000 30 .54
w0 k. 709 ] 3.000
&0 3.962 % h 836
T0 2.903 60 h.h33
% e B 38
93 s gg -
10 Pt 93 3.28%
2 i
L.E. rediua: O.70 percent ¢ 100 3,994
[ X radius 0 percent ©

TABLE V

COORDINATES OF THE NACA 0010-0.70 Mo/1.575
(MODIFICATTON B) AIRFOIL SECTION
[Coordinates given in percent of airfoil chord)

Upper or lower

1 Stat surface te
[:] a

DA

BRReRuRhRNEE

....
5%
z
w

Ht—ln»»uwvryrrtmwmnkw

888897389 588BEEunr

R38R%ha

L.XT. radiue: 0.T0 percent ¢ '
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Figure |.— Airfoil profiles with 25 —percent—chord plain flaps.
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Figure 24— Variation of seclion lift coefficient with Fflap deflection af various Mach
aumbers for the NACA 000 -0.70 40/.575 (modification A) airfoil section with a

25— percent—chord plain flap,
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Figure 27.— Schlieren photographs of flow over the various profiles at
zero angle of sttack and zerc flap deflection.
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